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IllinoisABSTRACT Sarcomeres, the functional units of contraction in striated muscle, are composed of an array of interdigitating pro-
tein filaments. Direct interaction between overlapping filaments generates muscular force, which produces animal movement.
When filament length is known, sarcomere length successfully predicts potential force, even in whole muscles that contain bil-
lions of sarcomere units. Inability to perform in vivo sarcomere measurements with submicrometer resolution is a long-standing
challenge in the muscle physiology field and has hampered studies of normal muscle function, adaptation, injury, aging, and
disease, particularly in humans. Here, we develop theory and demonstrate the feasibility of to our knowledge a new technique
that measures sarcomere length with submicrometer resolution. In this believed novel approach, we examine sarcomere struc-
ture by measuring the multiple resonant reflections that are uniquely defined by Fourier decomposition of the sarcomere protein
spatial framework. Using a new supercontinuum spectroscopic system, we show close agreement between sarcomere lengths
measured by resonant reflection spectroscopy and laser diffraction in an ensemble of 10 distinct muscles.INTRODUCTIONInteractions between actin and myosin proteins are respon-
sible for many types of cell motility. In striated muscle,
actin- and myosin-containing filaments form a hexagonal
lattice within each muscle sarcomere (1), the functional
unit that creates muscular force. Sarcomeres, in turn, are ar-
ranged in series and in parallel within muscle cells (2,3).
The sliding-filament theory (4,5) explains the geometric
relationship between sarcomere length and muscle force
production as a result of the precise overlap between actin
and myosin filaments. Thus, sarcomere length predicts po-
tential force of muscle fibers (4,5), even in whole muscles
(6). A complex network of proteins (7) and connective
tissues (8) integrate sarcomere force to produce movement.
There are several lines of evidence that emphasize the
importance of sarcomere structure to muscle function. First,
the stereotypical sarcomere length range observed during
normal human movement provides support for the fact
that this length is designed to provide specialized muscle
function (9). Second, sarcomere length adaptations after
injury provide insights into the mechanism and complexity
of the healing process (10). Third, sarcomeres are abnor-
mally long in hamstring contractures in children with spastic
cerebral palsy (11), which fundamentally limits the muscle’s
ability to produce force and demonstrates the complex inter-
action between the muscular and nervous systems. Further-
more, altered sarcomere filament dimensions are implicated
in causing muscular disease (12,13).Submitted April 14, 2014, and accepted for publication September 30, 2014.
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0006-3495/14/11/2352/9 $2.00Although these studies highlight the need to study sar-
comere structure in normal and abnormal muscle, they
require substantial effort to obtain useful data because
available techniques are ex vivo (14) or require highly
invasive surgical settings (15,16). These restrictions and
challenges have crippled data collection and therefore
research progress, especially in humans. In vivo and real-
time techniques to measure sarcomere length are needed
to understand human muscle function, diagnose muscle
pathology and assist with surgical and nonsurgical muscle
therapies.
Several techniques have been developed to address these
challenges, but none satisfy all requirements for in vivo
research. One emerging method is called minimally inva-
sive optical microendoscopy (17,18), which is a point-scan-
ning technique that leverages nonlinear optical signal
generation in the myosin rod domain. Microendoscopy is
likely to find research application, but nonlinear processes
in tissue are highly inefficient and require strongly focused
beams. Tightly confining light into heterogeneous material,
such as tissue, and the significant consequences of motion
artifacts in point-scanning techniques severely limit wide-
spread adoption of microendoscopy, especially for func-
tional studies. Even if resolved, intensities required for
nonlinear optics use in tissue can cause thermal damage
or laser ablation (19), motivating the need for a new,
low-light-intensity method. In response to these needs,
we discovered that resonant reflections from sarcomeres
are wavelength-dependent and can reveal protein structural
information through low-power resonant reflection spec-
troscopy (RRS).http://dx.doi.org/10.1016/j.bpj.2014.09.040
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reflection in a material with periodically patterned refractive
index can be uniquely related to its underlying structure
(20–22). The best-known example of this phenomenon is
laser illumination of diffraction gratings, where grating
periodicity is synthesized from angular separation between
bright regions in the resulting diffraction pattern. More spe-
cifically, the diffraction pattern represents the grating struc-
ture in the spatial frequency domain (22) through Fourier
relationships (23). Given that muscle protein organization
repeats periodically with every sarcomere length along a
muscle fiber, and that refractive index is proportional to pro-
tein density, light propagation through muscle fibers can be
analyzed identically to diffraction gratings with grating
period equal to sarcomere length (14,24).
Laser diffraction (LD) has been used to measure sarco-
mere length since the 1970s (14), though it has remained
largely unchanged despite tremendous progress in optical
technology (Fig. 1 A). Using this technique in vivo requires
invasive procedures to access the diffraction pattern of
the monochromatic signal. To circumvent this limitation,
we illuminate muscle fibers colinearly using broad poly-
chromatic illumination to transform sarcomere structure
information into the optical frequency domain. This is
accomplished in RRS by measuring intensity of resonant re-
flections across optical wavelengths (Fig. 1 B) rather than
measuring intensity of a spatial diffraction pattern, as in
LD. Using the optical frequency domain allows illumination
and reflected light to traverse the same path, enabling the
use of the smallest minimally invasive needle probes that
have been demonstrated for in vivo optical-signal collection
in muscle tissue (25).
In this work, we describe a theoretical model that relates
sarcomere structure to expected signal spectra. Based upon
results from computer simulations, we built a custom super-
continuum source and tested feasibility of RRS on 10 mus-
cles. We compared measured RRS spectra to predicted RRS
spectra from idealized sarcomeres, and compared sarcomere
lengths measured by RRS and LD. From these comparisons,
we conclude that RRS successfully captures sarcomere
length, though several engineering challenges remain to
extend RRS for desired in vivo use.optical frequency domain through selectively reflected signals, allowing
vasive fiber optic probe. For clarity, phase fronts are shown only from the fouTHEORY
Resonant reflections occur when individual reflections orig-
inating from throughout a periodic structure constructively
interfere. To a first approximation, Bragg’s law, also called
the Bragg resonance condition, determines which optical
wavelengths will resonantly reflect from a periodic struc-
ture. Under colinear illumination, Bragg’s law states:
lm ¼ 2naL
m
(1)
Where lm is resonant wavelength for resonant order m, na is
average refractive index, and L is structure period. This
expression provides a direct link between the illumination
wavelengths that will resonate within the sarcomere protein
structure and reflect and sarcomere length modeled as L.
Bragg’s law determines the resonant wavelengths,
whereas Fourier decomposition of the underlying refractive
index profile determines the reflection efficiency of all re-
flections (21,26). Based on the refractive index profile
model used here, Fourier decomposition of a sarcomere is
a superposition of four distinct protein regions:
nðzÞ ¼ na þ
X4
r¼ 1
X
m
ar;mcosð2pmz=LÞ; (2)
where ar,m is the Fourier coefficient of region r and order m,
and z is the distance along the long axis of sarcomeres. Each
region contributes to refractive index and is prescribed by a
pulse wave, so Fourier coefficients are described by (23)
jar;mj ¼ 2Ar
mp
sinðmpLr=LÞ; (3)
where Ar is the region-specific index of refraction contribu-
tion and Lr is the region length. Efficiency of a resonant
reflection is proportional to the sum of Fourier coefficients
of its harmonic order, m (21). These equations have several
important implications that are seen in plots of reflection
efficiency generated by rigorous coupled wave analysis
(RCWA) (Fig. 2).
In Fig. 2 A, reflection efficiency is plotted as a function of
illumination wavelength for a sarcomere length of 3.0 mm.FIGURE 1 Sarcomere periodicity and illumi-
nation geometry determine optical signals.
(A) The traditional LD method transforms the
sarcomere length (L) of a thin muscle sam-
ple into the spatial frequency domain through
spatial diffraction, though measurement by
such a spatially encoded signal would require
highly invasive surgical settings in vivo.
Red and gray lines represent the phase
fronts of a laser source with wavelength l0.
(B) In contrast, resonant reflection spectros-
copy transforms sarcomere periodicity into the
source and signal to be directed through a single minimally in-
rth-order resonant reflection.
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FIGURE 2 Expected reflection efficiency from
sarcomeres generated by numerical simulations.
(A) The simulated reflection efficiency as a func-
tion of wavelength for L ¼ 3.0 mm shows a spec-
tral fingerprint unique to this sarcomere length. (B)
Reflection efficiency as a function of wavelength
and sarcomere length is represented as a contour
plot; the color bar indicates reflection efficiency,
and the dashed line emphasizes L ¼ 3.0 mm. (C)
Sarcomere length inhomogeneity among sarco-
meres in series introduces speckle-like effects in
the reflection efficiency spectrum. (D) A tilt of
10 between illumination and sarcomere long
axis in the presence of sarcomere length inhomo-
geneity caused a slight left shift in resonant wave-
lengths, with a 12 nm shift typical in the
wavelength range 1–2 mm. (E) Reflection effi-
ciency varied periodically with actin filament
length, ranging from 1 to 1.3 mm. The grating re-
gion is twice the actin filament length due to actin
spanning both sides of the z-band.
2354 Young et al.The first resonant order, where m ¼ 1, is satisfied at
~8.5 mm; 8.5 mm is the first resonant wavelength, l1. l2 is
~4.2 mm and satisfies the next resonant order, m ¼ 2. Note
that different resonant orders are not exactly harmonic
periods, and this is caused by fine details in the sarcomere
index profile. Myosin filament and m-line regions are out
of phase with actin filament and z-band regions, leading to
interference with the net superposition of waves giving
slightly shifted peaks.
In Fig. 2 B, reflection efficiency as a function of illumina-
tion wavelength and sarcomere length is represented as a
contour plot. Sarcomere length equal to 3 mm is emphasized
with a dashed line for comparison across Fig. 2. As expected
from Bragg’s law, resonant wavelengths appear as lines in
contour plots that increase and decrease according to sarco-
mere length (Fig. 2, B–D). As expected from Fourier rela-
tionships (Eq. 3), reflection efficiencies of resonant orders
depend upon order and sarcomere length (Fig. 2 B). Further-
more, higher resonant orders are expected to be more sensi-
tive to inhomogeneous sarcomere lengths in series (Fig. 2, C
and D).Biophysical Journal 107(10) 2352–2360Oblique sarcomeres introduce skew to the spectral finger-
print (Fig. 2 D). A 10 tilt of the probe, which is easily
recognizable experimentally, would result in <25 nm
short-estimate of sarcomere length (Eq. 1) for the wave-
length ranges used herein; tilt effects are likely less than
the natural sarcomere length variability. Still, tilt was care-
fully minimized in all experiments herein. Finally, reflection
efficiencies are predicted to be periodic with actin filament
lengths (Eq. 3 and Fig. 2 E), which is an important consid-
eration when considering different muscles and species (9).
In many optical applications, only fundamental resonant
reflections (l1) are measured or studied. However, since
sarcomere length varies by more than a factor of 2, locating
a single resonant wavelength in a spectrum of reflected light
does not necessarily make it possible to solve for sarcomere
length, because the resonance may originate from neigh-
boring harmonic orders. Consequently, a wide spectrum that
crosses at least two resonant orders is needed to measure a
spectral fingerprint sufficient to uniquely calculate sarcomere
length. It is important to note that this statement is different
from claiming that two resonant reflections are required.
Resonant Reflection Spectroscopy in Muscle 2355For example, the fourth, fifth, and sixth orders are located in
the wavelength range 1–2 mm and sarcomere length range
2.7–2.8 mm, but the fifth and sixth orders of reflection inten-
sity have disappeared (Fig. 2,B–D). Thus, a sarcomere length
of 2.75mm is predicted to yield a single resonant reflection us-
ing RRS. Still, this fingerprint is unique to this sarcomere
length and wavelength range, and so sarcomere length can
be calculated with confidence from a single measured reso-
nant wavelength falling in this wavelength band.
To summarize, the bandwidth of an experimental system
must satisfy the need to envelop multiple predicted resonant
orders. Resonant orders that have weak reflections satisfy
this requirement if at least one resonant order is measurable
for all sarcomere lengths. On one hand, higher orders cover
a smaller wavelength range, enabling more orders to be
measured (Fig. 2). On the other hand, higher orders are
affected more significantly by sarcomere inhomogeneity
and length changes (Fig. 2, B–E). As a compromise, we tar-
geted the fourth, fifth, and sixth orders for experimental
measurement by building a system that envelops the wave-
length range 1.25–2.05 mm.FIGURE 3 Sarcomere refractive index profile follows protein density.
(A) An electron micrograph of sarcomeres at L ¼ 3.0 mm clearly shows
the sarcomere protein framework, including actin and myosin filament re-
gions. (B–D) Depicted are refractive index profiles corresponding to various
sarcomere lengths. Note the dramatic changes in refractive index profile
appearance as a function of sarcomere length.MATERIALS AND METHODS
Tissue preparation for RRS
Whole hind limbs were collected from euthanized mice and rabbits sacri-
ficed for other research. The limbs were pinned to cork board and chemi-
cally fixed in 10% formalin for 2 days. Each sample was rinsed and
stored in phosphate-buffered saline. Whole tibialis anterior (TA) and
extensor digitorum longus muscles were collected. Three small subsamples
were microdissected from the middle third of each whole muscle for sarco-
mere length measurement by laser diffraction. Muscles were then cut in half
at ~15 from normal. This facilitated coupling between the slanted face of
the optical probe and muscle fibers by ensuring that the optical path differ-
ence across surfaces was close to zero.Sarcomere length measurement by LD
Small subsamples were placed on glass slides and transilluminated with a
10 mW He-Ne laser with 633 nm center wavelength. Resulting diffraction
patterns illuminated a frosted glass slide, and distances between diffracted
peaks were measured with digital calipers. The measurement system was
calibrated using a wire grating with a 2.0 mm period. Sarcomere length
was calculated from the distance measurements and calibration (27), and
in this system it was shown to have a typical standard deviation of
~60 nm and a range of 2.36–3.03 mm.Index model
Sarcomere structure was modeled as a quasiperiodic supergrating, which
can be seen in electron micrographs (Fig. 3 A). We used values adapted
from Thornhill et al. (24), Bang et al. (12), Burkholder and Lieber (9),
and Sidick et al. (28) to model the sarcomere refractive index profile. Active
cross-bridge cycling and skeletal muscle rigor are not included in this
model because they change refractive index by <0.1% (28).
Close examination of the sarcomere model reveals that the refractive in-
dex profile is actually a superposition of the refractive indices of four prin-
ciple protein regions: m-line, z-band, myosin filaments, and actin filaments.
Widths of z-band and m-line regions were 50 nm. Myosin filament lengthwas 1.6 mm. Actin filament length was 1.1 mm unless stated otherwise.
Phase of each region was matched to the sarcomere structure. Refractive in-
dex for baseline, z-band, m-line, myosin, and actin regions were 1.3373,
0.0172, 0.0100, 0.0127, and 0.0087. It is important to note that overlap be-
tween actin and myosin filaments changes with sarcomere length, and
refractive index profiles are adjusted accordingly (Fig. 3, B–D).Simulation
We used a one-dimensional multilayer RCWA to simulate reflection spectra
from sarcomeres (29); RCWA is a widely used method for analyzing dif-
fracting structures. Briefly, RCWA is a semianalytical method in which pe-
riodic structures are decomposed into many layers with uniform index of
refraction. Maxwell’s equations are expanded by Floquet functions, and a
computer solves for forward and backward propagating waves. RCWA
was used to calculate reflection efficiency, plotted as relative intensity, at
each wavelength and sarcomere length presented.
Rather than hold sarcomere number constant, we used a constant length
of 50 mm to approximate the Rayleigh length of the experimental system
divided by 2 to accommodate forward and backward paths. The illumina-
tion was collinear to sarcomeres for all simulations discussed. Sarcomere
inhomogeneity was simulated by randomly varying sarcomere length for
each sarcomere in series. Sarcomere length variation followed white
Gaussian noise, and standard length deviations were set to ~60 nm to match
standard deviations in sarcomere length measured by laser diffraction. All
analyses were performed in MATLAB (The MathWorks, Natick, MA).Supercontinuum source
A custom system was used to generate a supercontinuum source (Fig. 4 A).
Briefly, a Mach-Zehnder modulator was used to generate optical pulses that
were optically amplified to 1 W power and sent into 280 m of highlyBiophysical Journal 107(10) 2352–2360
FIGURE 4 (A) Schematic of the supercontinuum spectroscopic system.
Abbreviations are as follows: LD, laser diode; MZM,Mach-Zehnder modu-
lator; AMP, optical amplifier; HNLF, highly nonlinear fiber; WDM, wave-
length division multiplexer; Circ, circulator; OSA, optical spectrum
analyzer. (B) Supercontinuum spectroscopy system output before and after
wavelength division multiplexing.
2356 Young et al.nonlinear fiber (Sumitomo Electric Industries, Osaka, Japan) with 1550 nm
zero dispersion wavelength (30). The optimal spectrum (Fig. 4 B) was
generated using the following pulse characteristics: 1553.4 nm center wave-
length (81684 tunable laser, Hewlett-Packard, Palo Alto, CA), 25 ns pulse
duration, and 1 MHz repetition rate. The raw supercontinuum spectrum at
the output of the highly nonlinear fiber spanned 800 nm with total power in
excess of 500 mW. Three wavelength division multiplexers were used to
divide the supercontinuum spectrum into three wavelength bands; each
band used had final output power <15 mW and 3 dB flatness.Sarcomere length measurement by RRS
Muscle samples were placed on a stage, and the middle of the cross-
sectional face of muscle was colinearly aligned to the optical probe.
Thus, sarcomeres close to the middle of the muscle were measured by
RRS. The probe, a single-mode fiber patch cable terminated with angled
plain connectors, illuminated muscle fibers and collected reflected power.
An optical circulator, which only permits light propagation to forward
ports, directed supercontinuum source illumination through the probe
and directed reflected signals to an optical spectrum analyzer (AQ6375,
Yokogawa Electric, Tokyo, Japan) that measured reflected power spectra
(Fig. 4 A).
The number of sarcomeres measured by RRS in series and in parallel is
affected by scattering and beam coupling characteristics of the optical
probe. Photon mean free paths in muscle tissue are roughly millimeters
in length (31), whereas the Rayleigh length of the optical probe is at least
an order of magnitude shorter. Based upon a myofibril (sarcomere) diameter
of 1 mm and beam parameters derived from a 0.14 NA optical probe, we
estimate that ~1500 sarcomeres contributed to the RRS signal.
Resonant wavelengths (maximal reflections) were automatically selected
from measured spectra. Two resonant wavelengths were measured in 8 of
10 muscles. In one muscle, a single resonant wavelength was present within
the measurement window, which is consistent with theory for particular
sarcomere lengths (see Theory). In another muscle, three resonant wave-
lengths were measured. Sarcomere lengths were calculated using theBiophysical Journal 107(10) 2352–2360following procedure. First, one measured resonant wavelength was used
to generate a set of possible sarcomere lengths based upon varying har-
monic orders. Then, the measured spectrum was compared with predicted
spectral fingerprints to identify possible sarcomere lengths.
Sarcomeres within real muscles are not homogenous. After solving for
resonant orders using the procedure described above, sarcomere length
was calculated for each measured resonant wavelength to account for
natural variability. These sarcomere length estimates were averaged to
generate the sarcomere lengths presented. For more details regarding rela-
tionships between resonant wavelengths and sarcomere lengths, see Theory.Isometric force measurements
To quantify structural and functional damage associated with our probe,
isometric force of rabbit TA muscles (N ¼ 7 muscles, 4 rabbits) was
measured before and after insertion of a prototype intramuscular lensed op-
tical probe (OZ Optics, Ottawa, Ontario, Canada). TA muscles were chosen
for accessibility and availability of reference data (6). All procedures were
performed with the approval of the Institutional Animal Care and Use Com-
mittee. Isometric force measurement and animal preparation followed pre-
viously described methods (32,33), but the anterior compartment of the leg
was left intact. Briefly, anesthesia was induced with a subcutaneous injec-
tion of ketamine/xylazine cocktail (35 and 5 mg/kg, respectively) and main-
tained with 2% isofluorane (2 L/min). Heart rate, blood oxygen saturation
(PhysioSuite, Kent Scientific, Torrington, CT) and respiratory rate were
monitored during all tests. Physiological temperature and moisture were
maintained throughout the experiment.
The TA and peroneal nerve were surgically exposed, and the hind limb
was immobilized in a custom-made jig. The distal TA tendon was trans-
ected, released from the retinaculum, and clamped at the muscle-tendon
junction to a servomotor (Aurora Scientific, Aurora, Ontario, Canada).
Force-generation axes of the TA and servomotor were carefully aligned.
Extensor digitorum longus tendon was cut to limit lateral force transmis-
sion. A cuff electrode (S48, Grass Instruments, Quincy, MA) provided
direct stimulation to the peroneal nerve. Supramaximal excitation voltage
and optimum fiber length were measured experimentally for each TA using
twitch contractions. Once these baseline conditions were established, iso-
metric force from tetanic contractions was measured twice before and twice
after probe insertion (5 V typical, 0.3 ms pulse width, 100 Hz frequency,
640 ms duration) with 2-min rest between contractions. Rabbits were
then euthanized with 120 mg/kg pentobarbital injected into the marginal
ear vein.
Probe insertion was performed according to the following procedure. An
optical probe was threaded into, but not extended past, the tip of a 22 gauge
hypodermic needle; the needle was inserted ~1 cm into the midbelly of the
TA, parallel to muscle fibers. While holding the optical probe in place, the
hypodermic needle was removed from the muscle before stimulating con-
tractions. In three animals, the procedure was repeated for the contralateral
limb. After contractions, the probe was removed and inspected for damage.
No probes were damaged using this protocol.Histology
To determine the structural damage induced by probe insertion, after sacri-
fice, TA muscles were excised and pinned to cork at resting length. An op-
tical probe was reinserted into the muscle distal to the first insertion point
but otherwise following the same procedure. Then, muscle and probe
were flash frozen. Probes were carefully removed just before sectioning,
though three probes broke during removal and corresponding muscles
were not counted in further analysis.
Cross sections were taken from flash-frozen muscles (N ¼ 4) at 70 mm
thickness using a cryostat (HM500, Microm, Waldorf, Germany). This
thickness was found to best maintain the integrity of probe-induced holes,
although it was thicker than the optimal value needed for muscle
Resonant Reflection Spectroscopy in Muscle 2357morphology. Sections were stained with hematoxylin and eosin for visual-
ization and imaged with a light microscope (DM6000, Leica Microsystems,
Buffalo Grove, IL). The area fraction of probe-induced damage was calcu-
lated using ImageJ (34).Statistical analysis
Linear correlations were performed in MATLAB (The MathWorks) and
data points were treated as independent samples. A paired t-test was per-
formed to compare average isometric force before and after probe insertion
using Prism software (GraphPad, San Diego, CA). Power analyses were
performed using G*Power 3.1 (35) (Heinrich Heine University Dusseldorf,
Germany). Significance level was set to 0.05 for all tests.RESULTS
Experimentally measured versus simulated
resonant reflections
To test our model, we measured multiple resonant orders
from muscles of known sarcomere length using the new
supercontinuum spectroscopy system and then compared
measurements to numerical simulations. In 10 muscles,
experimental measurements agreed remarkably well with
simulations. Overlay of unprocessed reflected power and
theoretical simulations from muscle tissue with sarcomere
length 2.45 mm exhibit agreement (Fig. 5, A and B). It is
important to note that the resonant wavelengths, which
have the strongest reflections, match extremely well for
both the fourth and fifth order. In this example, the average
difference between simulated resonant wavelength from
idealized sarcomeres and experimental measurements was
3.5 nm, which equates to a 6.5 nm sarcomere length or
0.27% uncertainty. Furthermore, the reflection spectrum ap-proximates a superposition of sinc functions as predicted by
the theoretical model (21,23). Note that the period of oscil-
lations in measured spectra roughly matches the predicted
period.
Experimental measurements match well across the
entire sample, which includes a range of sarcomere lengths
from 2.36 to 3.03 mm. This data set revealed a significant
correlation (p < 0.001) between experimentally measured
and simulated resonant wavelengths, with the theoretical
model explaining 98% (R2 ¼ 0.984) of the variability in
experimental measurements (Fig. 5 C). As a further test,
we generated an agreement plot to visualize the fit between
data sets (Fig. 5 D). Agreement plots are not visually
biased by scale as sometimes occurs with correlations
(36). In the agreement plot, we easily see that 2 of
the 10 muscles are less accurately modeled by idealized
sarcomeres. At present, we lack sufficient data to conclude
the cause of disagreement in these muscles, but we hypoth-
esize, based upon numerical simulations, that the shifts
are caused by radial and/or longitudinal sarcomere length
inhomogeneity. Nonetheless, these shifts do not prevent
sarcomere length measurements, as seen in the next
section.Sarcomere length measured by LD versus RRS
Using the procedure described in Methods, we calculated
sarcomere length from RRS measurements. Sarcomere
length measured by LD and that measured by RRS were
highly significantly correlated (R2 ¼ 0.984, p < 0.001)
(Fig. 6 A). Variability between measurement methods
is more clearly seen in an agreement plot (Fig. 6 B).FIGURE 5 Theory for the sarcomere refractive
index accurately models reflected signals across
all muscles tested (N ¼ 10). (A and B) Overlay
of simulated (black) and experimentally measured
(gray) reflection spectra from muscle with L ¼
2.45 mm for fifth- (A) and fourth-order (B) reso-
nances. Wavelength ranges are focused near reso-
nant wavelengths to show nanometer-scale detail.
(C) Experimentally measured and simulated reso-
nant wavelengths (lm) for third order (X marks),
fourth order (solid circles), fifth order (plus signs),
and sixth order (asterisks) are significantly corre-
lated (R2 ¼ 0.984, p < 0.001) across muscle sam-
ples. The dashed line represents the line of unity.
(D) An agreement plot presents an unbiased view
of the variability in the difference (Dlm) between
simulated and experimentally measured resonant
wavelengths. Dashed lines represent the standard
deviation and twice the standard deviation. There
is no systematic bias between modeled and exper-
imentally measured resonances (P ¼ 0.86).
Biophysical Journal 107(10) 2352–2360
FIGURE 6 (A) Sarcomere lengths measured by
LD and RRS are significantly correlated (R2 ¼
0.984, p< 0.001). The black and gray dashed lines
represent the lines of unity and best fit, respec-
tively. (B) The agreement plot reveals no system-
atic bias in sarcomere length measurements by
RRS (P ¼ 0.16).
2358 Young et al.Differences between methods of sarcomere length measure-
ment were not significantly correlated across sarcomere
length (P ¼ 0.16), indicating that sarcomere lengths
measured by RRS are not systematically biased (80%
power to detect 1.7 nm/mm skew). Even with a one-dimen-
sional and idealized sarcomere model, sarcomere lengths
measured by RRS and LD agree with a standard deviation
of535 nm (Fig. 6 B), well within a physiologically mean-
ingful tolerance.Muscle function after intramuscular insertion of
optical probes
Future RRS applications may require intramuscular inser-
tion of optical probes. To access the amount of muscular
damage induced by probe insertion, we measured maximal
isometric contractile force in rabbit TA muscles before and
after prototype lensed optical probe insertion (Fig. 7, A and
B). There was almost no change in contractile force with
probe insertion (see sample records in Fig. 7 A). Further,
averaged preinsertion and averaged postinsertion forces
were not significantly different (Fig. 7 B, paired t-test,
P ¼ 0.213). Power analysis indicated an 80% power to
detect a 5% force change given the experimental variability.
To assess the structural damage caused by probe inser-
tion, we examined corresponding cross sections of rabbit
TA muscles stained with hematoxylin and eosin (Fig. 7
C). The fraction of damaged muscle area associated with
probe insertion, calculated as the area of damage divided
by the muscle cross-sectional area, was found to be
0.078%. Taken together, these data suggest that optical
probe insertion into muscle has almost no effect on structure
or function.FIGURE 7 Insertion of an optical probe has almost no effect on structure
or function. (A) Representative isometric contractile record of a rabbit TA
before and after insertion of an optical probe. (Inset) Force record enlarged
at the plateau. (B) Paired t-test results show that isometric muscle function
is not significantly different after probe insertion (P ¼ 0.213). (C) Repre-
sentative 70-mm-thick cross section of a rabbit TA muscle stained with he-
matoxylin and eosin shows the area of probe insertion. The average
damaged-area fraction was 0.078%. Scale bar, 0.1 mm.DISCUSSION
This study demonstrates two key points: theoretical devel-
opment of RRS and experimental assessment of its ability
to measure sarcomere length. RRS may facilitate critically
important measurement of sarcomere length in vivo, in realBiophysical Journal 107(10) 2352–2360time, and thus in humans, because the information is en-
coded in optical wavelengths, whereas current techniques
encode information spatially (14,17). Using a new super-
continuum system and a one-dimensional sarcomere
Resonant Reflection Spectroscopy in Muscle 2359refractive index model, we demonstrated that sarcomere
lengths measured by RRS agree remarkably well with
those measured by LD, a standard technique. We conclude
that RRS is theoretically feasible, though several key
points differentiate the feasibility system used here and
the desired in vivo RRS technique. A number of consider-
ations are raised in the following discussion, but still, the
idealized model of sarcomeres explained 98% of the vari-
ability in the key information contained in measured RRS
spectra.
First, an extramuscular probe was used in the feasibility
experiment. This allowed us to explore illumination angles
to align illumination with the long axes of sarcomeres and
provide confidence in relating the theoretical model to
experimental geometry. Severely oblique sarcomeres would
have demanded data collection and alignment tests beyond
the scope of this initial feasibility study. A future intramus-
cular probe may not have the ability to control illumination
angles, and more work is necessary to determine whether
redundant measurements are needed to address this added
level of complexity; however, simulations of 10 oblique
sarcomeres caused skew in the spectral fingerprint that
would change sarcomere length estimates by <25 nm. In
addition, intramuscular probes impose geometric changes
to the local muscle fibers, though these changes appear
small in histological analysis.
Second, chemically fixed muscles were used here for
RRS measurements, while the true benefit of RRS will
come from in vivo use. Using fixed muscles allowed us to
prototype the experiments while minimizing the number
of animals needed for this study. Our recent demonstration
(16) that fixation does not systematically introduce errors
in sarcomere length measurements by LD is important.
Signal generation is fundamentally similar in RRS and
LD, though the geometry is different, so it is unlikely that
fixation dramatically confounded the results. However, the
chemical process we used to fix sarcomeres may systemat-
ically change the baseline refractive index compared to
fresh muscle sarcomeres. This may cause a corresponding
shift in measured sarcomere lengths. Refractive indexes
used here led to RRS-measured sarcomere lengths that
match those measured by LD in fixed muscles, though a
baseline shift may be required for in vivo use.
Third, in vivo measurements are associated with natural
movement. Motion artifacts are a confounding factor in mi-
croendoscopy measurements of in vivo sarcomere length,
because the technique can be performed at rates of only a
few Hertz (17,18). RRS, however, does not require point
scanning and can operate at rates of many kilohertz. Thus,
motion artifacts will not confound sarcomere length data
collected by RRS. If index-of-refraction changes during
contraction are minimal or can be resolved, RRS may offer
a unique capability to distinguish even between passively
and actively contracting muscle in vivo. More engineering
and experiments are required to test these hypotheses.Last, several other factors that may systematically affect
RRS signals have not been included in the model described
here. Concentration changes in noncontractile organelles,
such as mitochondria and nuclei, may affect the base-level
refractive index and systematically shift sarcomere length
to shorter or longer. However, we expect that the magnitude
of these effects will be buried by variability caused by intra-
muscle sarcomere length heterogeneity. Length changes in z-
band or actin-filament regions affect the sarcomere refractive
index profile and are expected to affect the relative intensity
of resonant orders. The extent to which this confounds or
adds additional information to the data is currently unknown
and should be a topic of future investigation.CONCLUSIONS
RRS offers a potential breakthrough for in vivo sarcomere-
length data collection, because it is not restricted by the
fundamental limitations of current techniques. Using the
theoretical framework presented here, we accurately pre-
dicted the resonant reflections that arise from muscle sar-
comeres. Of particular importance, we demonstrated that
sarcomere lengths measured by RRS matched those
measured by traditional LD. Engineering challenges, such
as developing appropriate laser sources and optical probes,
must be addressed before RRS measurements can be mean-
ingfully applied in vivo, but these results demonstrate the
feasibility of RRS and point to its promise for future
applications.
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